In many species, including humans, pulmonary alveoli are formed after birth by septal subdivision of the large gas-exchange saccules present at birth. In rats septation occurs mainly between the 4th and 14th postnatal days (Burri, P. H. 1974. Anat. Rec. 180:77-98), but little is known about the regulation of this process. We found that dexamethasone (0.1 jig daily) given to rats from age 4 to 13 d markedly impaired saccule septation to at least age 60 d and also diminished the extent of the increase of alveolar surface area (Sa). Underfeeding from birth to age 14 d did not diminish saccule septation but did result in diminished Sa. We conclude dexamethasone-treated rats have a critical period during which the gas-exchange saccules present at birth must be subdivided. Since Sa increased in dexamethasone-treated rats without a change in alveolar size, and, the enlargement of Sa was diminished in underfed rat pups without a deficit of saccule septation, we postulate new alveoli were formed by means other than septation of the large gas-exchange saccules present at birth. Furthermore, these various means of forming alveoli, and hence of increasing Sa, were differently regulated: dexamethasone decreased the enlargement of Sa brought about by both septation of the gas-exchange saccules present at birth and by other, as yet unidentified, means of forming alveoli; underfeeding did not diminish Sa increases produced by saccule septation but did decrease the extent of Sa enlargement due to the other means of forming alveoli.
Introduction
In many mammalian species, including humans, the formation of pulmonary alveoli occurs to a substantial extent after birth (see ref. 1 for a review). The events involved have been especially well-studied in the rat, where it was found that the newly born have large, thick-walled, gas-exchange structures termed, at that stage, saccules rather than alveoli (2, 3) . On the fourth to fifth postnatal day the saccules begin to be subdivided into smaller compartments by the outgrowth (and elongation) ofseptae from their walls. The bulk ofthe subdivision is completed by the 14th postnatal day (2) . Thinning of the alveolar wall accelerates in the third postnatal week and is accomplished by the end of that week, thereby completing the changes by which the relatively small number of large, thick-walled saccules, which compose the gas-exchange region of the newly-born, are remodeled into the more numerous, smaller, thin-walled alveoli of the mature lung. It is probable that similar postnatal changes occur in the lungs of mice (4) , hamsters (Massaro, D., and N. Teich. Unpublished observations), rabbits (5), cats (5, 6) , and humans (7) (8) (9) , but on a different time scale.
In contrast to the detailed knowledge of these anatomical events little is known about their regulation. We undertook the present work to identify some factors that might regulate or influence architectural aspects of the lungs' postnatal development. We focused on the process of subdivision of the gas-exchange saccules and on changes in gas-exchange surface area in the early postnatal period. These parameters were assessed by measuring the surface-to-volume ratio (S/V)1 and the mean chord length (Lm) of the gas-exchange air spaces, and lung volume. The main question asked was if subdivision could be blocked, and, if so, if the impairment was permanent.
An adrenal glucocorticosteroid (dexamethasone) and nutrition were selected as potential modulators of subdivision. An adrenal glucocorticoid was chosen for two reasons. First, formation and elongation of structures like alveolar septae are brought about by folding epithelium into ridges, a process that, in part, requires epithelial cell division. Since glucocorticosteroids inhibit cell division in several tissues (10) including the lung (11), we suspected they might inhibit the formation or elongation of alveolar septae. Our second reason for choosing a glucocorticosteroid was because the serum concentration of corticosterone, the active glucocorticoid in rats, is low in rats during the period of intense postnatal alveolar subdivision and increases as septation is ending (12) . In short, from the action of glucocorticoids on DNA synthesis and from the timing of the process of saccule subdivision and the surge of serum corticosterone, we reasoned corticosterone might normally be involved in, or trigger, the process that ends septation of the large saccules that were present at birth. We chose diet as a potential modulator of postnatal lung development because lung size is closely related to body size (13) , and the latter is strongly influenced in rats by diet (14) .
Methods
Animals. We used Sprague-Dawley albino rats originally obtained from Charles River Breeding Laboratories, Inc. (Wilmington, MA) and subsequently maintained in the Animal Care Facility of the University of Miami, Miami, FL. Male and female breeders were allowed food (Rodent Laboratory Chow 5001; Ralston Purina Co., St. Louis, MO) and water Am. We placed this system over the lung section four times and at each position counted intersections with the test system in the original position and after it was rotated 900. Thus, the final test line length was 2.98 cm. Surface density and volume density of the air space were measured and the S/V of the alveolus was calculated (16) . The Lm was calculated by dividing the length of the test line by the total number of intersections (17) . The Lm and the lung volume (LV) were used to calculate the surface area of the gas-exchange region of the lung (Sa) (18) .
Pressure-volume (P-V) measurements. Lungs were degassed by ventilating rats with 100% 02 for 10 min, after which the diaphragm was punctured from below and the trachea was clamped while the heart continued to beat. In experiments on 14-d-old rats, the lungs were left in the thorax, which was separated from the rest ofthe body. In 20-and 60-d-old rats the lungs were removed from the thorax for the P-V measurements. In all instances the preparation was immersed in 0.15 M NaCl (saline) and the lungs were inflated with saline to a Ptp of either 10, 15, or 20 cmH2O (see individual experiments) at room temperature. P-V measurements were made using a water manometer and a tight fitting syringe as the Ptp was lowered in 1-cm steps (19) .
We eventually settled on a Ptp of 10 cmH20 for 14<d-old pups because higher pressures usually caused the lung to leak although we did not have that experience when a Ptp of 20 cmH2O was used to fix the lung. We cannot explain the different behavior ofsaline-inflated and formalininflated lungs. We chose a Ptp of 15 cmH2O as maximum inflation in 60-d-old rats because we had relatively few animals at that age and therefore could not tolerate too many losses due to leaks. We do not think using pressures less than 20 cmH2O in 14-and 60-d-old rats influenced our intergroup comparisons because we studied 20-d-old rats at a Ptp of 20 cmH20 and found that the P-V diagram is 
Results
Gas-exchange region of the lung in untreated neonatal rats. A major objective of this study was to evaluate the effect of an exogenous glucocorticosteroid on postnatal changes in the dimensions and surface area of the gas-exchange region of the lung. However, because the stress of daily injections might increase the output of endogenous corticosterone (12), thereby possibly masking the effect of the exogenous corticosteroid, we first made measurements in rat pups not injected except for the anesthetic given immediately before sacrifice. In these rats the S/V increased and the Lm decreased and both reached adult dimensions by the 14th d of age (Table I) . These results can be compared with those to be provided for diluent and dexamethasone-injected rats.
S/V, Lm, Sa, and LV: short-term and long-term effect of different doses ofdexamethasone givenfrom age 4 to 13 d. After daily injections of dexamethasone or diluent from ages 4 to 13 d, several parameters ofgrowth and development were measured at 14, 28, and 60 d of age (Tables II, III, and IV) . The values for S/V, Lm, and LV/Sa at age 60 d were the same for males and females (see below), so the values from each sex were combined (Table IV) . At each age the most striking effects of dexamethasone treatment at a dose of 0.1 ug/d were lower S/V and higher Lm. This dose also lowered body weight, Sa, and Sa relative to body weight; it increased LV relative to body weight or to Sa. Higher doses of dexamethasone did not cause further changes in Lm, Sa relative to body weight, or LV relative to Sa; the higher doses did markedly lower body weight, LV, and Sa compared with the animals that received less dexamethasone. Comparisons between the age groups (Tables I-IV) show that dexamethasone (0.1 ug/d) prevented attainment of normal adult alveolar dimensions as assessed by S/V and Lm. However, note that the Sa did increase in each period in dexamethasonetreated rats even though S/V and Lm did not change. Also note Lm and S/V did not change in diluent-treated rats after the rats were 14 d old.
The LV and Sa were larger in males than females at age 60 d, whereas, when adjusted for body weight, the LV and Sa were greater in females than in males; these intersex differences were true for rats treated with diluent or dexamethasone from age 4-13 d (Table IV) . The S/V, Lm, and LV/Sa at age 60 d for diluenttreated males were (n = 3) 311 ± 12 cm-', 85±2 im, and 21.2±0.4 X 10-4 ml/cm2; the respective values for diluent-treated females at age 60 d were (n = 3) 299±9 cm-', 84±2 Am, and 20.9±0.5 X 10-4 ml/cm2. None of the means exhibited statistically significant intersex differences. Similarly, the S/V, Lm, and LV/ Sa for dexamethasone-treated male rats age 60 days were (n = 4) 195±6 cm-, 124±4 Mm, and 31±0.9 X l0-4 mi/cm2; the respective values for dexamethasone-treated female rats, age 60 d (n = 5), were 199±8 cm-, 123±5 Mm, and 30.8±1.1 X i0' mi/cm2. None of these means exhibited statistically significant intersex differences.
Morphology in diluent-treated and dexamethasone-treated rats. Although we have shown the effect of dexamethasone on Lm and S/V, the difference in the size of alveoli of rats given diluent compared with rats given dexamethasone (0.1 sg/d) from age 4 to 13 days can also be appreciated by viewing the histological sections of the lung at low magnification ( Fig. 1 A and  B) . The decrease in alveolar size that occurs in rats between birth and 14 d of age is achieved by the outgrowth (and elongation) of septae from the wall ofthe saccules that form the gasexchange region of the lung of the newborn (3). These buds failed to elongate in dexamethasone-treated rats (Fig. 1 C) . We have not determined ifbud formation, i.e., the eruption ofseptae from the wall of the gas-exchange saccule, was also impaired in dexamethasone-treated rats. Dexamethasone-treated rats have fewer alveolar attachments to the connective tissue sheath that surrounds intrapulmonary conducting airways than do diluenttreated rats ( Fig. 1 A and B) . P-V relations oflungs ofdiluent-treated and dexamethasonetreated rats. We measured the P-V relations ofsaline-filled lungs in 14-d-old pups with the chest wall intact but the diaphragm opened. The lung recoil was not different at any Ptp between diluent-treated and dexamethasone-treated pups (Table V) . P-V measurements made on lungs excised at age 20 d from pups treated with diluent or dexamethasone daily from age 4 to 13 d revealed that lung recoil at a Ptp of 3 and 4 cmH2O was diminished in lungs from dexamethasone-treated rats compared with lungs from diluent-treated rats (Table V) . P-V measurements made on excised lungs from male rats age 60 d that had received diluent or dexamethasone daily from age 4 to 13 d did not reveal intergroup differences in recoil (Table V) . We used the data generated in the experiments just described to calculate the change in LV between the highest and lowest Ptp. We did not find differences between diluent-treated and dexamethasone-treated rats at any age (not shown).
Effect ofdexamethasone on the DNA content ofthe lung and on DNA synthesis by the lung. The DNA content of the lung of all rats was greater at 9 and 14 d than at age 3 d (Table VI) . Rats given dexamethasone had less DNA/left lung at age 9 and 14 d than did those given saline. The DNA concentration in the The DNA content and concentration in the lung was the same at age 28 d whether rats had received dexamethasone or diluent from age 4 to 13 d (Table VIII) . The increment ofDNA between 14 and 28 d was greater in rats previously given dexamethasone than in rats previously treated with diluent. Litter size and body weight and length. Body weight on the day of birth did not differ among pups assigned to litters of different size (Table IX) . Pups maintained in litters of 18 pups weighed less and were not as long as pups raised in litters of 10 or 4 pups.
Litter size, L V, and gas-exchange region. LV and S/V were significantly lower and Lm of alveoli were higher at 9 d of age in pups raised 18/litter compared with pups raised 10/litter (Table X). At 14 d of age LV and Sa of pups raised 18/litter were lower than the same parameters in pups raised in litters of 10 or 4 pups, but at 14 days of age, S/V and Lm did not exhibit intergroup differences (Table X) . LV and Sa, corrected for body weight, were greater in underfed than in normal or overfed pups. However, when Sa was adjusted for body length, underfed pups had a smaller surface area than normal or overfed pups. Lung recoil and litter size. The lungs of rats maintained in litters of 10 pups held significantly more saline at a Ptp of 10 cmH2O than lungs of rats in litters of 18 pups: 1.7±0.1 ml (n = 7) for litters of 10 and 1.2±0.0 ml (4) for litters of 18 (P < 0.01). When corrected for lung size the recoil of lungs from large litters was not different than the recoil of lungs from pups raised 10/litter (Table XI) . The specific compliance measured over the pressure range of0 to 10 cmH2O, was the same in pups from litters of 18 as in pups from litters of 10 (not shown).
DNA and litter size. Lungs of pups raised 18/litter weighed less and had less DNA than pups from litters of 10 but the concentration of DNA did not differ between the groups (Table  XII) . The rate of DNA synthesis in lung slices made from normally nourished pups killed when 9 d old was greater than in slices made from lungs of undernourished 9-d-old pups.
Discussion
Morphometric assessment ofalveolar dimensions. The methods available to assess alveolar size, although commonly used, seem to all have certain pitfalls (see ref. 1 for a discussion ofthe problem). Because ofthis we have chosen two, rather than one, means of assessing alveolar dimensions, since agreement between methods would increase confidence in the results. We measured S/V because the surface area of a geometric body is always k(r2) and its volume is k'(r3), and division of one parameter by the other provides information about size (r). However, the combined parameter (S/V) depends simultaneously on shape and size and can be used for intergroup comparisons of size only if the shape of the bodies being compared is the same. We think we can use S/V for such comparisons because we did not discern by microscopy differences of alveolar shape between diluentand dexamethasone-treated rats. In addition, the results of our measurements of S/V agree with those of the other estimator of alveolar dimensions used (Lm). These considerations led us to conclude, from the results of measurements of S/V and Lm, in conjunction with the microscopic appearance of the lung, that alveoli in sections from dexamethasone-treated rats are larger than alveoli in sections from diluent-treated or from uninjected rats.
Even if we accept that measurements of S/V and Lm reflect alveolar size, the sensitivity of these parameters to detect differ- (Table IV) . Sa could be increased without the formation of new alveoli if alveolar walls become more complex, i.e., more folds and wrinkles, and lung volume increased by virtue of this increased complexity. We cannot exclude this possibility but are unaware of any direct evidence to support the notion that the measurement of Lm is too insensitive to detect changes in alveolar dimensions responsible for such large increases of Sa. These considerations lead us to favor the notion that some mechanism, or mechanisms, other than (a) subdivision of the large saccules present at birth, (b) over-expansion of alveoli, or (c) increased complexity of already formed alveolar walls, is re- Critical period. As just noted, we think alveolar size diminished between birth and age 14 d in rats not treated with dexamethasone but did not diminish from birth to age 60 d in dexamethasone-treated rats. Since the recoil ofthe liquid-filled lungs from diluent-treated and dexamethasone-treated rats was the same at high transpulmonary pressures, the persistence ofa small S/V and a large Lm in the latter does not reflect over-expansion due to diminished lung recoil during fixation. Rather, as supported by the microscopic appearance ofthe lung, the persistence of large alveoli seems to be due to failure of septae to arise from saccule walls, or, if septae did form they did not elongate to a normal extent. This failure would leave the large saccules, normally present in the newborn, intact rather than subdivided into the smaller alveoli ofthe mature lung. Persistence into adulthood of alveoli with dimensions of the gas-exchange saccules present at birth demonstrates that, under the conditions of our study, i.e., treatment with dexamethasone, there is a critical period in which subdivision of the original saccules must take place. Determinants Such a template could be envisioned in a system where the gasexchange region of the lung is considered to be a series of branching tubes.2 In this system the Sa could be increased up to about age 14 d in diluent-treated rats by septation of saccules present at birth and through elongation of the branching tubes by the de novo formation of alveoli. In contrast, septation in dexamethasone-treated rats does not occur, so increases of surface area would occur only by formation of alveoli by a process not involving septation ofthe original saccules. In both diluenttreated and dexamethasone-treated rats the new alveoli would be added to an already formed tube of a certain dimension that could act as the putative template.
Irrespective of the appropriateness of the proposed model, the addition of alveoli after age 14 d in rats previously treated with dexamethasone suggests there are at least two controllers for the formation ofalveoli. One controller, which is responsible for alveoli produced by subdivision ofthe primary saccules present in the newlyborn rat, is permanently blocked by early treatment with dexamethasone. The other controller, which is responsible for formation of new alveoli by a mechanism other than septation of the original saccules, is partially but not permanently impaired by early treatment with dexamethasone, as evidenced by the increase of Sa during and after treatment with dexamethasone.
In this regard it is important to point out that food deprivation from birth to age 14 d, produced by increasing the litter size from 10 to 18 pups, did not diminish the extent to which S/V rises and Lm falls compared with pups raised to age 14 d as 10/litter. However, Sa is diminished in food-deprived pups. Since both groups (10/litter and 18/litter) were the same weight before adjusting litter size, and since both groups had the same S/V and Lm at age 14 d, the difference in Sa must be due to the effect of food deprivation on the controller responsible for alveolus formation by a method other than septation ofthe saccules present at birth.
Mechanism ofdexamethasone effect. We have not elucidated the mechanism by which dexamethasone impairs elongation of 2. We considered the lungs' gas-exchange region as a series of branching tubes at the suggestion of Dr. Joan Gil.
septae. Dexamethasone inhibits DNA synthesis in the lung as indicated by a lowered rate of incorporation of [3H]thymidine into DNA and the smaller amount of DNA in lungs from dexamethasone treated rats. This inhibition of DNA synthesis may blunt septal elongation because the formation of ridges (septae) and their elongation in epithelia is partly accomplished by division of epithelial cells. Epithelial cell replication would throw the epithelial sheet into a ridge whose height would be modulated by the rate of epithelial cell proliferation. However, if inhibition ofDNA synthesis by dexamethasone does play a role in impairing elongation of septae, inhibition in a specific cell type, or in a few cell types, must be a key element, because food deprivation causes as great an overall impairment of DNA accumulation in the lung without preventing the rise of S/V and the normal fall of Lm.
